In this work, we adopt first-principle calculations based on density functional theory and Kinetic Monte Carlo simulations to investigate the adsorption and diffusion of lithium in bilayer graphene (BLG) as anodes in lithium-ion batteries. Based on energy barriers directly obtained from firstprinciple calculations for single-Li and two-Li intercalated BLG, a new equation was deduced for predicting energy barriers considering Lis interactions for multi-Li intercalated BLG. Our calculated results indicate that Li energetically prefers to intercalate within rather than adsorb outside the bilayer graphene. Additionally, lithium exists in cationic state in the bilayer graphene.
Ⅰ. INTRODUCTION
The performance of Lithium-ion batteries (LIBs) relies predominantly on the material properties of the electrodes. Advanced electrodes not only require high storage capacity but also require ultrafast charge/discharge rates, which are characterized by Lithium-ion diffusion coefficient. Carbon-based materials are at present the most commonly used negative electrode in LIBs. There are many studies on the structure of carbon atoms layer [1] [2] [3] , and lithium adsorption in carbon-based materials [4] [5] [6] [7] [8] .
Experimental results have demonstrated that graphene nanosheets have a good cyclic performance, and possess capacity up to 460 mA h g -1 after 100 cycles [9] . Due to its high lithium storage capacity, high conductivity, and good mechanical flexibility, graphene has been regarded as a suitable candidate for electrode in LIBs [10, 11] . However, the reported experimental Li diffusion coefficients span a very wide range, for example, from 10 −16 cm 2 s −1 to 10 −6 cm 2 s −1 for a variety of compositegraphite electrode architectures [12] [13] [14] [15] [16] [17] [18] [19] [20] . What affects Li diffusion? How to accelerate Li diffusion?
These issues are not currently addressed. Therefore, in order to optimize the performance of negative electrode for LIBs, understanding the changes of electronic properties induced by Li intercalation and the diffusion kinetics properties of Li within these intercalated structures is imperative.
Reducing dimensions of material to nanoscale can effectively improve energy and power capabilities [21] [22] [23] . Now advanced experimental techniques make it possible to biuld the structure composed of a few atomic layers as the anode materials for LIBs. Bilayer graphene (BLG), which is a gapless semi-conductor similar to monolayer graphene, has regarded as a good candidate for negative electrode of LIBs [24] [25] [26] . Recent experiments have reported intercalation of Li in bilayer graphenes [26, 27] . M. Kühne et al. have successfully monitored the in-plane Li diffusion kinetics within the BLG and measured ultrafast Li diffusion coefficient of up to 7×10 −5 cm 2 s −1 at room temperature [27] .
Theoretically, there have been some previous studies on Li diffusion in graphene or graphite [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
Tachikawa calculated a Li diffusion coefficient (~10 −10 cm 2 s −1 ) on a fluorine terminated graphene surface at room temperature [28] . K. Persson et al. [12] found a fast intralayer Li diffusion coefficient (~10 −7 cm 2 s −1 ) in bulk graphite at room temperature. However, these theoretical studies of Li diffusion behavior do not consider the interaction between Li ions. In fact, the interaction between Li ions is always present, which must affect Li diffusion processes. Furthermore, ultrafast Li diffusion (~10 −5 cm 2 s −1 ) in bilayer graphene at room temperature has been measured in recent experiments [27] . However, the result on this ultrafast diffusion has not been explained well. These inspired us to study the adsorption and diffusion kinetics of lithium in bilayer graphene.
In present work, we study Li diffusion coefficient in Li-adsorbed BLG systems by combining first-principles density functional theoretical (DFT) calculations with Kinetic Monte Carlo (KMC) simulations, which is designed to effectively simulate the time evolution of a system. Li migration energy barriers obtained from DFT are used as input parameters in KMC simulations to assess Li diffusion coefficient. However, when considering the interaction between Li ions, it is hard to get the energy barriers momentarily from DFT because they are sensitive to ion arrangement, which might change at any time in Li migration process. Therefore, in order to consider the interactions between Li ions in multi-Li adsorbed systems, we deduce a new equation which is based on the energy barriers obtained from DFT for single-Li and two-Li adsorbed systems to evaluate the migration energy barriers. Using the evaluated energy barriers into KMC simulations, Li diffusion coefficients under specific temperature and concentration are studied. The interations between Li and the BLG, the directional preference of Li diffusion, and the temperature dependence of Li diffusion are discussed.
More importantly, the experimental ultrafast Li diffusion coefficient within the BLG near room temperature is reproduced, and the cause for Li ultrafast diffusion is analyzed in detail.
Ⅱ. METHODS
All first-principle calculations were implemented by using Vienna ab initio simulation package (VASP) with projector augmented wave method [39] [40] [41] [42] [43] [44] [45] . The exchange-correlation energy was calculated based on Perdew-Burke-Ernzerhof (PBE) [46] formulation of generalized gradient approximation (GGA) [39] . The optimized PBE van der Waals (optPBE-vdW) [47, 48] was used to consider the van der Waals forces between interlayer binding for bilayer graphene (BLG). The cut-off energy was chosen as 400 eV. The Monkhorst-Pack method is used to sample the k points in the Brillouin zone. Our calculated lattice constant for graphene was 2.47 Å which is near the experimental value of 2.46 Å. The supercell consisting of a bilayer graphene and a vacuum separation was used to perform the convergence test of the layer size of graphene along xy-plane. Here, we notate the x and y axes are parallel and the z axis perpendicular to the graphene plane. To avert the artificial coupling role between graphene layers in two adjacent periodic images along z-axis, the vacuum separation of 35 Å was employed. After the test, the supercell consists of 6×6 graphene primitive cell was used to properly study lithium adsorption and diffusion in bilayer graphene. This is because in the 1~3 Li-adsorbed BLG systems studied in our work, the supercell consisting of 6×6 graphene primitive cell is large enough to make the Li atoms in the neighbouring supercells far apart, so that the overlap of their electronic states is very small and the Li-Li interaction among neighbouring supercells in the xy-plane can be neglected. The 3×3×1 Monkhorst-Pack k-meshes was adopted. The cut-off energy and the Monkhorst-Pack k-meshes were tested to ensure the accuracy of the results and they were consistent with previous studies [49] . The geometry optimizations were implemented until the force acting on each atom less than 0.02eV/Å. To study the possible Li diffusion pathways within BLG and their corresponding energy barriers, climbing image-nudged elastic band calculation (CI-NEB) [50] was performed. Based on the previous researches [50] [51] [52] and also according to the length of the pathways, three or five images were employed between two end points due to their simple pathways. Each image was relaxed until the forces on atom were less than 0.02eV/Å. In all calculations, spin polarization was included. Then these diffusion energy barriers were applied into KMC simulations to estimate the macroscopic Li diffusion coefficient in BLG. The detailed KMC algorithm follows the conventional procedure [53, 54] . In KMC simulation, the transition state theory (TST) is applied. According to TST, Li migrates from an initial site to its adjacent vacancy by experiencing a transition state, which has an energy barrier E m separating the two corresponding states before and after migration. Li migration follows the general KMC procedures: (1) Determine all possible migration sites. (2) Identify a series of the transition rates (p i ) for all possible migration states according to the transition rate defined as [55, 56] , i = * exp(− m / B ), where * is the jump attempt frequency, which is taken to be 1 × 10 13 s −1 [12, 33, 57] . E m is the migration energy barrier which can be obtained from the first-principle calculations. B , and T denote the Bilayer graphene (BLG) generally has AA and AB stacking structure, as shown in Fig.1 . The single graphene size with 1414 C atoms for BLG was used in the KMC simulations, using periodic boundary conditions for the simulation cell. The simulation temperature range is set to 263-333 K.
For all simulations, 5000 MC steps are used. The first 3000 MC steps are disregarded to allow the system to relax to the equilibrium state. The diffusion coefficient is the average value of the last 2000 MC steps. Ⅲ. RESULTS
A. Adsorption of Li in bilayer graphene
Our calculated total energies for BLG with AA (-9.206 eV/atom) and AB (-9.210 eV/atom) stacking structure indicate that the BLG is more stable in AB stacking structure, which agrees with
Refs. [58, 59] . The average interlayer distances (the distance between average coordinates of carbon atoms in the upper layer and the lower layer) are 3.589 Å and 3.413 Å for AA-stacked and ABstacked BLG, respectively. They are very close to the experimental values (3.7 Å for AA stacking and 3.35 Å for AB stacking [25] ). As shown in Fig.1 , there are three high symmetry sites considered for lithium adsorption within AA-stacked BLG: above two C atoms of both two graphene layers, called Moreover, when lithium adsorbs outside AB-stacked or AA-stacked BLG, lithium equivalently adsorbs on a graphene monolayer in fact. Therefore, three high symmetry sites have been considered: above C atom, the center of C hexagon and C-C bond of graphene monolayer, called as top (T), hollow (H) and bridge (B) sites, respectively. The stability of a Li-adsorbed BLG system is generally described by the adsorption energy E ad : [31] ad = ( Li +BLG − Li − BLG ) .
Where E Li +BLG represents the total energy for Li-adsorbed BLG system with a Li atom adsorbed in BLG. Li and BLG represent the energies of an isolated Li atom and the isolated BLG, respectively.
The calculated adsorption energies of various Li-adsorbed BLG systems show that the favorable site locates at the hollow (H) one regardless of Li adsorbing within or outside BLG for AA stacking, and the top-hollow (TH) or hollow (H) one for AB stacking, as presented in Table 1 . Moreover, all adsorption energies for those systems with Li intercalating within BLG are more negative than that for Li adsorbing outside BLG. Therefore, Li energetically prefers to intercalate within BLG. This finding agrees with the experimental result [27] and the first-principles calculations result [25] that Li resides only in between pristine graphene sheets. Furthermore, our calculated results also indicate that
Li is more inclined to intercalate within AA-stacked BLG than AB-stacked BLG, which is consistent with previous studies [58] . Due to a large difference in electronegativity between Li and C atoms, there is a charge transfer from Li to C atoms. The interaction between Li and C atoms can be visually explored by investigating the valence electron density distributions and the electron density difference, which are represented in analysis [61] was also carried out. Our Bader charge analysis for the system of Li adsorbing within AB-stacked BLG shows that about 0.85e per Li atom is transferred from Li to the BLG, which agrees with previous reports [58, 60] . Therefore, when Li atoms intercalate within BLG, we can reasonably think that they exist as Li ions.
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B. Migration energy barrier in single-Li and two-Li adsorbed BLG systems
Li diffusion energy barrier is an important factor of kinetics linked to the Li diffusion in intercalation electrodes for LIBs. The charge/discharge rates of metal-ion batteries predominantly depend on Li diffusion in anode materials. Therefore, it is very important to study Li diffusion in BLG intercalation electrode. The diffusion energy barriers of Li in BLG can be obtained from VASP with CI-NEB along diffusion pathways. For the system with a single Li atom intercalating within ABstacked BLG, since the favorable site for Li locates at the TH site, the possible transition path that Li migrates via jumping between neighboring TH sites (TH 1 ↔TH 2 ) was considered, as shown in Fig.   4 (a). For the system with a single Li adsorbing outside AB-stacked BLG, actually the favorable site for Li locates at the H site of upper (or lower) monolayer graphene. Hence, Li migrates between the neighboring H sites (H 1 ↔H 2 ), as shown in Fig. 4(b) . The total energy profiles along corresponding diffusion pathways were also shown in Fig.4 . From Fig. 4(a) preference, and it may be attributed to its AB stacking structure of the BLG. In order to further understand the really large difference between two energy barriers for Li diffusing within AB-stacked and AA-stacked BLG and the directional preference of Li diffusion within AB-stacked BLG, the electrostatic potential distributions of the systems have been explored.
For graphene monolayer, one observable feature of the electrostatic potential is its having potential well near the hollow region, as shown in Fig. 5(a) . For AA-stacked or AB-stacked bilayer graphene, the electrostatic potential within them distributes periodically attributing to their own periodic lattice structure, shown in Fig. 5(b) and (d). It can be considered that the underlying graphene layer provides a periodic potential for the upper layer. The difference is that for AA-stacked BLG the potential wells generated by the upper and lower layers are the mirror images and just reside in the hollow regions of bilayer graphene, whereas for AB-stacked BLG the potential wells generated by both layers are staggered. As can be seen from Fig. 5(d) , the potential wells for one layer deviate from the hollow regions of the other layer and face the C atoms of the other layer. This has resulted in that the potential wells within AA-stacked BLG are deeper than that within AB-stacked BLG, as can be observed in Fig. 5(c) and (e). This may explain why there is a large difference between two energy barriers for Li diffusion within AA-stacked and AB-stacked BLG. With intercalation of Li, the interaction between Li and C atoms greatly changes the electrostatic potential distribution near Li.
Our previous finding has shown that Li diffusion within AB-stacked BLG has directional preference, so here we explain this phenomenon qualitatively. As can be seen from This corresponds to the previous result that the energy barriers of Li diffusion along TH 1 TH 2 pathway is lower than that along TH 1 TT pathway within AB-stacked BLG. According to the above findings: Li atom becomes Li ion when it intercalates into the BLG.
Therefore, when two Li ions are close together, they would interact with each other. This interaction would have an important influence on the electronic structure and the related properties of the system, such as Li diffusion energy barrier in BLG. So, for rare Li intercalated into BLG, Li diffusion can be seen as the migration behavior for non-interacting particles. While Li content increases, ions being close together will lead to the inevitable interaction between Li ions. Moreover, Li energetically prefers to intercalate within BLG rather than adsorb outside BLG for both AA-stacked and ABstacked BLG, hence only the cases for Li intercalating within BLG are considered in the following analyses of the interaction between Li ions. To study the interaction between Li ions, we calculated the total energy profiles along possible migration pathways for the two Li ions (named as two-Li)
intercalated BLG systems that Li 1 is fixed while Li 2 is migrating, as shown in Fig. 6 . For two-Li intercalated within AA-stacked BLG, as shown in Fig. 6(a) , theoretically when Li 1 already exists, the nearest neighbor site for Li 2 should only locate at H 2 site. It can also be confirmed in the total energy profile shown in Fig.6 (a) . From the figure, the closer neighbor H-site H 4 of Li 1 is the energetically unstable site for Li 2 due to its obviously higher energy than those of other H-sites (H 1 , H 2 , H 3 For two-Li intercalated within AB-stacked BLG system, as shown in Fig. 6(b Furthermore, from the figure, the much higher energies of those TT-sites once again prove their instability, and also confirmed that Li is difficult to migrate along their corresponding pathways. That is, Li migrating from TH-site to TH-site is significantly easier than migrating from TH-site to TT-site.
On the other hand, the barriers (0.07eV, 0.07eV, 0.08eV and 0.06eV) along pathways S 2 S 1 , S 7 S 3 , 
C. Li diffusion in multi-Li intercalated BLG
Macroscopic Li diffusion coefficient D Li is an important physical quantity used to characterize the speed of Li diffusion, and it can be estimated from the migration energy barriers. The previous report has shown that Li may intercalate into bilayer graphene up to a stoichiometry of C 6 LiC 6 [26] . That is, the maximum Li content in Li x C 12 can only reach 1. For our studied AA-stacked and AB-stacked BLG systems with very low Li content x such as x=0.03 and 0.11, since in such systems Li-Li interactions are hardly considered, we can estimate Li diffusion coefficients D Li for these Li x C 12 BLG systems based on our previous migration energy barriers (as shown in Fig. 4(a), (c) al. [58, 59] found that for AB-stacked bilayer graphene with the Li/C ratio being more than 1/12, ABstacked structure of layers would switch into AA-stacked structure. For higher Li intercalation content (Li/C ratio being more than 1/12), the Li-adsorbed BLG became energetically unstable which was manifested by positive adsorption energies [58] . Similarly, our results for two-Li intercalated within AB-stacked BLG show that with the presence of Li 1 the closest stable site for Li 2 locates at S 1 TH-site. As Li intercalation content increasing, when all such closest stable sites are filled, it corresponds to that the maximum x for Li x C 12 is 1. Therefore, in the following study on the influence of interactions among Li ions on their diffusion kinetics, only those Li x C 12 systems with Li content x<1 for Li-intercalated within AB-stacked BLG are considered. 
Subtract the corresponding items of the two terms of Eq. (4), the energy difference ∆ ac can be rewritten as 
Here, ∆ 0,BLG = 2 ( 0,BLG − 0,BLG ′ ) is the energy difference for one-Li intercalated BLG system with single Li migrating from a to c site, which is the diffusion barrier for single-Li intercalated BLG system. In Eq. (9), the first term includes the energy differences corresponding to those two-Li intercalated BLG systems. The second term is merely related to the single-Li intercalated BLG system without interaction between Li ions. Therefore, the diffusion barriers of multi-Li intercalated BLG system can be simplistically estimated from diffusion barriers of two-Li and single-Li intercalated BLG systems. To check again our method for energy barrier estimation, we used two methods to estimate the energy barriers along various possible migration pathways for three-Li intercalated BLG system. One is that estimating the energy barriers from the total energy curves obtained by first-principle calculations combined with CI-NEB method. Fig. 8(a) shows the total energy curves along migration pathways corresponding to Fig. 8(b) by CI-NEB method. The energy barriers of the migration pathways were also marked in the figure. The other method is to estimate the energy barriers directly by Eq. (9) based on the total energy curves of single-Li and two-Li intercalated BLG systems obtained from first-principles calculations. The results from two methods are presented in Fig. 9 . Just as the coincidence has already been obtained in our previous study for multi-Li adsorbed graphene system [62] , it can be observed once again that the results from both methods are consistent well. It can also be described by the mean deviation  calculated as follows:
N represents the number of the samples. i,ab and i,eq are the results from first-principles calculations with CI-NEB method and Eq. (9), respectively. The calculated mean deviation  is about 10.3%. Therefore, the method that combining Eq. (9) with the total energy curves of single-Li and two-Li AB-stacked intercalated BLG systems from first-principles calculations, is feasible in estimating the diffusion barriers for multi-Li intercalated AB-stacked BLG systems. Using the diffusion barriers obtained from Eq. (9), we have applied KMC to predict macroscopic diffusion coefficient D Li of Li. P10  P9  P8  P7  P6  P5  P4  P3  P2  P1 CI-NEB method Equation (9) Energy barriers (eV) Fig. 9 The energy barriers obtained from CI-NEB method and from Equation (9) for various Li's migration pathways shown in Fig. 8 . Fig. 10 shows the trajectories of Li atoms in the AB-stacked BLG with Li content x=0.06 for T=300K. In the figure, Li diffuses along THTH pathway instead of THTT pathway, which is consistent with the result of Fig. 4(a) that Li needs to overcome a much larger energy barrier along THTT than along THTH pathway. It confirms the directional preference of Li diffusion more intuitively. The calculated Li diffusion coefficients D Li for the Li x C 12 AB-stacked BLG systems with x<0.7 in a temperature range from 263 K to 333 K are presented in Fig. 11(a) . The values of D Li are about 0.310 -4~1 .010 -4 cm 2 s -1 for the systems with Li content 0.15<x<0.61 near room temperature (300 K), which explains well the measured value up to 0.710 -4 cm 2 s -1 of in-plane Li diffusion coefficient within bilayer graphene at room temperature [27] . This good agreement with measured experimental data confirms again that our KMC simulations are reliable. As previously analyzed, the ultrafast diffusion of Li mainly attributes to the stacking structure of AB-stacked BLG which greatly affects its height of potential well within BLG. Furthermore, it is easily found from Fig. 11(a) , as shown in Fig. 11(b) . It indicates that the temperature dependence of D Li could be described by the Arrhenius law [63, 64] , Li ( ) = 0 exp (− A / B ).
Here, 0 is the pre-exponential factor, A represents macroscopic activation energy. 
Ⅳ. CONCLUSION
In summary, we have investigated the adsorption and diffusion of Li in the bilayer graphene by combining first-principle calculations with KMC simulations. It is found that Li energetically prefers to intercalate within the bilayer graphene. Li atoms transfer electrons to the BLG so that they become Li ions when they have intercalated within the BLG. Interestingly, Li has an ultrafast diffusion within AB-stacked BLG but not within AA-stacked BLG near room temperature. This may attribute to the stacking structure of AB-stacked BLG which greatly affects its height of potential well within BLG.
It implies that changing the stacking structure of BLG is one possible way to greatly improve Li diffusion rate within Li-intercalated BLG. Furthermore, both the stacking structure and the interaction among Li ions cause Li diffusion within AB-stacked BLG to exhibit directional preference. The temperature dependence of Li diffusion could be described by the Arrhenius law. These findings can help the rational design of the anode material in high charge/discharge rate LIBs, also have practical significance for the application of electronic devices based on the Li-intercalated BLG structures.
